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The Miller Feld, located in the UKCS, contains a light oil witti 18% C02 and a high GOR of 1830 scf/stb . The associated gas is currently exportel witti 22% C02 content . The associated gas is multicontact miscible witti the reservoir oil and so the potential exists to reinject the gas as a solvent for EOR. The potential for associated gas injection (AGI) was recognised prior to development of the field and the platform was constructed witti sufficient spare to accommodate AGI facilities and so minimise retro-fitting costs . The decision to implement AGI was deferred in order to galher further data after the field was on stream (first oil was June 1992 )
The potential rewards from reinjecting thé associated gas are evaluated in this paper. An inlegratel study is carried out involving the development of a compositional Huid description and reservoir characterisation through use of stochastic methods . At Bach stage of the evaluation appropriate simulation models are developed and where possible simplifications are introduced . The simulation worc inclndes 1D modelling of phase behaviour and fine grid 2D and sector models to identify key reservoir uncertainties and optimise wateraltemating-gas (WAG) operating strategy at individual Wells. AGI is then introduced in the coarse grid Full Field model to ensure consistency witti the ongoing waterflood.
Introduction
The Mi ller field was discove red in 1982, it lies in blocks 16l7b and 16/8b ( Figure 1) .
The Miller rese rvoir is composed of Upper Jurassic submarine fan sandstones of the Brae Formation. It lies at a depth of 397 0m -4090 mss, covering an area of 45 sq . km . witti a maximum ve rtical relief of 12 0m . It is a combined structural and stratigraphic trap, the sandstones pinching out updip to the northwes t. The reservoir is an undersaturated all reservoir witti a saturation pressure of 4650 psia on average . Initial reservoir pressure was 7315 psia at the OWC, measured in well 16/8b-3 . Subsequent to South Brae start-up in July 1983, appraisal data indicated Miller pressure depletion . At Miller start-up the average reservoir pressure was 6633 psia : this has declined funher to around 5900 psia since start-up . Water injection and limited aquifer support has essenlolly maintained this pressure
The Miller development strategy is baserf inidally on a lire drive waterflood in the south-east of the field, achieving voldage replacement at an early stage to rnaintain production potential and sweep . The flood is then developed fieldwide info a peripheral waterflood thereby optimising field production and reserves . Production commenced on 8th June 1992 and water injection in August 1992 . Production performance has been excellent witti around 40% of reserves recovered since start-up and, baserf on modelling, in excess of 70% of reserves are expected to be recovered by the end of the plateau period .
The field is expected to remgin on plateau for about 5 years, tintil the first half of 1997, at average race of 127 etstb/d, and continue producing bevond the year 2000 .
EOR Potential
The anticipated waterflood efficiency of 80% in Miller is high bui expected recovery is only 48% of STOIIP due primarily to the high residual oir saturation (35% Kilornetres baserf on miscible gas flooding .
Baserf on 571 mmstbo STOIIP, Figure  2 shows the current reserves resource for Miller Erom secondary and tertiary recovery proceses that may be applied during the life of the field (Swi 14%, Sores 35% and Sorm 10%) . The diagram shows that the maximum theoretical reserves from the Base waterflood is 339 morstb. The maximum thearetical reserves baserf on certiary gas injection is 166 morstb (ie the EOR target) . The immobile oil that cannot be recovered by either process is 66 morstb .
The anticipated waterflood efficiency in the current plan is already high Baserf on a comparison witti other UKCS fields it is unlikely that recovery by waterflood con be improved to greater than 52% STOMP . The large tertiary oil target (the EOR target) is clearly an important resource to increase Miller reserves . Understanding [he potential exploitation of this resource is extremely important to the field life of Miller .
AGI Schem e
There is a limited window of opportunity to implement an AGI scheme on Miller. There are constraints on the earliest and the latest tunes at which the scheme con be initiated .
The earliesi time at which AGI con be implemented is determined by pnogress of the waterflood. Screening studies skawed that the most productive region in which to apply AGI is the con south-cast area of the field. WAG injection is carrier out by tuming around the first line production welk after they have watererf out ( Figure  3 ) . Injection cannot start until all waterflood recoverable oil hos been swept past these Wells and, baserf on simulation, an adequate buffer of water is established ahead of the WAG injectors to saféguard the base waterflood reserves .
The latest time at which the scheme can be starterf is determined by the availability of sufficient associated gas to provide the necessary gas injection volumes . The efficient waterflood leads to a rapid decline in oil rare when the field comes off plateau . The AG I scheme will only produce sufficient oil to be economie if it con make use of the gas which is available from the end of the plateau onwards .
The combination of these two constraints leads to an optimum start-up time for AGI of 1Q97, fust prior to the end of plateau.
Compositional Mode l
Miller requires compositional support because it is volatile and bas high C02 content ( = 18 mol%) . A reference equation of state (EoS) was developed which ases 15 components, individual components veere u sed through C6 and Whitson's techniquel was used to generate C 7 + pseudocomponents . The reference EoS was matched to statie PVT data within experimental uncertainty, it was also matched to experimental slimtube measurements . Slimtube simulation modelling using a I D model s howed the minimum miscibility p ressure (MW) to be 5050 psia. This is at the lower limit of predicted operating conditions and so it is expected that the associated gas will achieve misc ibility.
The I D simulation work provides information on the phase behaviour . Miscibility is found to be achieved by multiple contact between the injected gas and reservoir oil. As the gas front approaches the light components conden sti from the gas phase into the oil and the mole fraction of the light components in the liquid phase increases .
Thi s is followed by vapo risation of intermediate c omponents from the oil into the gas phase. Figure 4 shows the gas density increasing sharply near the front, the gas and oil densities become identical , giving ri se to a thermodynamically miscible displacement.
The reference EoS provides a reliable means of predicting the phase behaviour o f Miller but , witti 15 components, it is unwieldy to use in reservoir simulation. An 8 component "lumped " EoS was developed for simuladon purposes. The components in this EoS each represent several components in the reference EoS . The lumping scheme for the simulation EoS was chosen by means of the Newley and Merrill method 2 . Repeating the slimtube simulation work con firmed that the reference and reduced component EoS formulations produced the same results .
A necessary check when running compo sitional models is to ensure that numeri cal dispens ion e ffects remgin small . Throughout the 1D woik the quali ty of the results was checked by determining the degree of nume rical dispersion as a function of grid site.
2D Models
2D models allow the effects of gravi ty on process performance to be evaluated. For this reason they are especially valuable for the analysis of gas displacement " processen .
The issues which veere addressed using the 2D cross sectionmodels included perforation strategy, compositional effects and the impact of reservoir description on vertical sweep .
To evaluate the feasibili ty of miscible gas injection requires that the WAG proces is simulated taking full account of compositional effects and witti a realisti c reserv oir description.
The re se rvoir description for the Miller AGI models was developed using geostatistical methods .
Reservoir Descriptio n
For reservoir management purposes the Miller reservoir is divided into five oil bearing zones . Across much of the reservoir the zones are separated by substantial shales . The coverage and continuity of these inter-zone spales varies, in lome cases the spales are extensive and create significant pressure breaks between zones . In addition to the major spales there are allo smaller spales witpin each zone . The net :gross ratio in the corgi area of the field is about 90% and so the intra-zone spales account for only a small fraction of the pore volume.
Reservoir descriptions in the crosssection models veere based o n stochastically generated permeability distributions conditioneel to well data . In addition botte the inter-zone and intra-zon e shales veere represented explicitly b y transmissibility bazriers.
Permeability
Corgi data was the preferred data source for the permeability description . Miller has goud co rgi coverage and the rou tine co rgi data provide a valuable database of permeability va riation . Preliminary simulation work indicated that a simulation grid of 56 layers wou ld provide adequate definition of the WAG process and capture the requi red level of heterogeneity in the permeabili ty description. As often occurs , it is a matter of compromise to use g rid blocks which are sufficiently large that the total number of cells in the model do not lead to impractically long simulation omes and at the same time the model must capture the variation in rese rvoir prope rties (heterogeneity) . The typical layer thickness in the 561ayer model was 2m.
Horizontal permeability cont rol data was calculated as a simple a rithmetic average of core data at the wella. This i s appropriate as the horizontal permeability correlation length is substantia lly greater than the length of the cells.
Vertical permeability is more difficult to define. Geostatistical analysis of the routine core data showed that there was no correlation between consective vertical permeabili ty data points (typically separated by lm) .
Thus it is not approp riate to characte rise the fine grid model vertical permeabili ty for a 2m thick model layer on the basis of one or two uncorrelated corgi data points . Finer scale evaluation is required to take account of the rapidly changing permeability in the vertical di rection
Miller i s fortunate in having minipermeameter data available . The minipermeameter obtains permeability readings at Scm inte rvak. Geostatistical analysis of this data confirmed that these is no correlation between permeability data points which are more than lm apart. For readings less than lm apart there is an increasing level of correlation as the Bistance between readings decreases.
The kv/kh ratio for the fine grid model was obtained by combin ing the results of botte routine corgi analysi s, which provide a direct measure of kv and kh at the same depth, and minipermeameter data which provide information on how rapidly kh is changing for points which are only Scm apa rt.' The outcome of the analysis was that the kv/kh ratio for each fine grid model cell should be assigned as a random selection from a uniform probability distribution between 0. 15 and 0.4. For comparison, the average kv/kh ratio of a corgi plug is 0.8.
Explicit transmissibility barriers veere input to represent the shale s. The major inter-zone shales veere conditioneel to the Well s , the smaller intra-zone shales veere entered as a random distri bution of transmissibili ty barriers .
Using a numerical pressure solution it was found that for P10 / P50 / P90 reservoir descriptions the effectave kv/kh ratio withan each reservoir zone 0.05 / 0. 1 1 0 .2, this includes the effect of the intra-zone spales. 
Grid Sizé Sérisistivity
One of the p rima ry concerns in miscible gas simulation is that inappropriate g rid size may result in significant errors in the incremental recovery predicted for WAG compared to the base waterflood recovery.
Grid refinement effects are often carried out using homogeneous models. It was found that the more realistic reservoir description used in this study was far less sensitive to g rid refinement that a homogeneous model witti the same average p ropertjes . Figure 5 shows the sensi tivity of incremental recove ry to grid refinement in bolti heterogeneous and homogeneous reservoir desc riptions . The 2D c ross section grids in this study correspond to a reciprocal g rid block number of 0 .04. The heterogeneous model simulation results are sufficiently accurate to be used without further modification for the effects of grid refinement.
Perforation Strategy
A major concern witti gas injection in the Miller reservoir is the potential for gas overrede . The upper reservoir zone (zone n contains high permeabili ty Bands, these have been observed at several Wells bul are not considered to be correlatable between Wells . The con cern is that gas wi ll segregate rapidly at the injection we ll, migrate into these high permeability Bands and overrede the target waterflood re sidual oil.
For a cross section containing a moderate amount of high permeability sand then zone J perforation of eether the injection or production well resulted in a loss of about 20% of the incremental reserves. Zone J perforation of bolti the injection and p roduction we ll results in a Toss of 40% of the incremental reserves. Isolation of zone J at the injection and production We lls is a key well completion issue which is critical to the success of AGI.
Unfortunately simply not perforating zone J does not guarantee that gas is not injected directly into it at the injection well. During the WAG water injec tion phase it is expected that thermal fractures will be created at the injecti on We lls . The fracturen will heat to some eitent during gas injection bot, having once fractured into a zone, it is unwise to assume that the fracture will heat completely. Numerical modell eng using a thermai simulator was used to estimate the likely loc átión i of thermal fractures during gas and`wàtér injection phases . ne perforation strategy at each well was adapted as necessary to minimise the risk of thermal fracturing into zone J.
Compositional Impact in 2 D
The 2D cross section modelleng was carried out using the 8 component EoS . Component transfer between the phases resuits in the gas betoming much heavier at the front such that the oil and gas density and viscosity are almost identical. An important consequente of the component transfer is that there is minimal gravity differente between the gas and oil at the front. This stabilises the flood and leads to much more efficient vertical sweep than would otherwise occur. This is particularl y i m p o r t a n t w h e r e a d e g r e e o f g a s o v e r r i d e has occurred and the injected gas has broken through the water buffer and contactel unswept oil. In this situation the minimal gravity differente between the miscible gas and oil results in a relatively efficient vertical sweep. To a great eitent this mechanism provides a safeguard against early gas breakthrough.
Waterflood Performance ne timing of WAG start-up must take into account the position of the waterflood front. If the front was too near the injection well then the injected gas rapidly contacts unswept oil . Although the gas and oil mix to create a miscible displacement the gas remairs more mobile. This leads to a situation at gas breakthrough where a significant volume of oil remairs unswept by eether gas or water. The simulator shows that ultimately, witti an extra year of WAG injection, similar incremental recovery is achieved . In this situation the WAG displacement is less efficient and reservoir management more difficult. The optimum position for the waterflood at the start of WAG injection appeared to be half way between the injector and producer.
Reservoir Parameter s
It is important to onderstand the impact of different rese rvoir parameters on incremental recovery. In this way it is possible to identify where the greatest risks lie and whether they are associated witti facto rs which can be managed. For instante , isolation of zone J was an important issue but one which it is possible to manage, by comparison if recovery is sensitive to shale distribution there is very litile that can be done to alter the outcome other than to be prepared to take remedial action.
The factors assessed using the 2D models included permeability and shale distribution, kv/kh ratio, fault density , relative permeability and residual oil saturation to miscible gas (Sorm). Further reservoir description sensitivi ty work was also carried out witti fine grid 3D sector models . -The simulation results for two o f these parameters in particular are worthy of note: zone J peaneability and its impact on gas override and kv/kh ratio.
The potential for gas override depends on a combinadon of perforation policy , thermal fracturing, faalt pauem and zone J permeability. It was found that if gas override occur s it can halve the incremental recovery. This is a majordownside risk which highlights the reed for careful well engineering .
The kv/kh ratio is , classically, one of the key factors in the succes of a WAG scheme. A love kv/kh ratio increases the nado of viscous :gravi ty forces which leads to slowen segregation of gas and water .and a mo re effectave vertical sweep . It was surprising to find that in Millér the impact of varying the kv/kh: ratio was at best insensitive and on occasions the incremental recovery was in the reverse order to that expected. Examination of the displacement process shows that: due to compositional effects there is very little difference between the oil bank and miscible gas density at the interface. 
3D Fine Grid Models
In order to use the simulation results for economic evaluation it is necessa ry to include the impact of 3D geome try. The 2D grid refinement work had shown that there was scope to increase the grid site without incurring significant deterioration Erom numerical dispension In addition, the 2D simulation work had found that much of the section (behind the injection well and in the deeper zones) had minimal impact on WAG performance. These factors showed that there was scope to create fine grid 3D (sector) models which would model the area between a WAG injection and production we ll without compromismg on grid size.
Two sector models veere constructed using an alogous rese rv oir desc ri ption methods to the 2D models .
The sector models provide a direct . comparison of 2D and 3D sweep efficiency . In addition they veere allo used to optimise the WAG operabons and to evaluate , further reservoir parameters.
The sector model indicated an areal sweep of about 70% in the region between the injector and produ cer. The sweep varied greatly between zones and in all cases there was evidente of gas underrunning the major inter-zone shales. The effects of component transfer between . the phases reduced the gas mobility at the front and, like vertical sweep, improved areal sweep. In particulaz there was little evidente of gas channelling between the injection and production well.
WAG Optimisation
The sector models are the most appropriate means to estimate WAG efficiency and determine the optimum WAG ratio and duration . WAG performance was assessed in ferms of botte incremental oil recovery and net gas efficiency (net reduction in sales gas / incremental oil volume) . These two performance measures are combined in Figure 6 . Ideally a complete set of simulation runs would be carried out to fully describe all the curven on the figure, bat even witti the available data the diagram gaven a clean indication of the most attractive scheures . The figure summarises the key performance measures and indicates which cases are likely to be the most economically auractive, ie highes t Recove ry factor and gas utilisation improve witti lower WAG ratio down to a ratio of 1 :3.
In Miller the optimum strategy is to inject gas at the highest practical gas-towater ratio for a period of between 2 and 4 years in each pattern. In light of the greater efficiency at love WAG ratio and the limited number of potential WAG injection sites in Miller, the preferred svategy was to focus on a few areas witti greatest potential. For Miller, a fieldwide scheme at high WAG ratio is inappropriate .
Full Field Simulation Study
To fully evaluate AGI in the context of fotore Miller development it is necessa ry to simulate the scheme on the Pu ll field simulation model to determine : AGI impact on the plannerf waterflood development Quantify the availability of gas for injection In order to carry out these studies a link must be established between the Pull field and the fine grid sector model performance . This was done by upscaling The role of the course grid Pull field model is necessarily limited in this type of study. The model is adequate to describe the overall AGI recovery provided the scheme and recovery processen do notvary greatly from those on the fine grid sector models . However, the full field model, which represents each zone by a single layer, is too course to carry out reservoir description sensitivites . Its purpose in the AGI evaluation was principally to ensure that an overall gas balante was achieved for the field and to estimate the impact of a shortfall in gas on AGI incremental recovery.
Reserves Distribution
The decision making pro ces as to whether to p roceed witti AGI was baserf on a probabilistic outcome of incremental re serv es . The input data for the uncertainty analysis was taken from the simulation results which quanti fi ed the impact of individual rese rv oir parameters on incremental rese rv es .
Uncertainty was quantified by using the parametric method3 to combine the unce rtainty from the various rese rvoir parameters info a single rese rves probability function .
The parametric method requires that the impact of each of 6 .0
the key, -r, rese rvoir parameters on increméntal recovery can be desc ribed in ferms of a probability d istribution. In fact it is only neces sary to define the meao and variante of the input distributions and these can be estimated from the deterministic models results . The resultant probabilistic AGI incremental reserves disttibution is shown in Figure 7 .
An additional outcome of the probabilistic approach is that the relative ri sk associated witti each re s ervoir parameter is calculated as part of the analysis. Figure 8 shows the relative importante of Bach re serv oir parameter to the overall uncertainty .
Production Profiles
In general it is useful to describe uncertainty in teams of the P10, P50 (or mean) and P90 reserves. In order to carry out an economic analysis these reserves must allo be accompanied by production and injection profiles. The risk analysis provider guidance on the construction of suitable profiles . The P50 and meao cases are not dissimilar from the deterministic base case (Figure 9 ) . It is relatively sample to prorate the deterministic results to generate the required reserves although some iteration is required to ensure that the overall gas balante is maintained .
The reservoir factor importante work identified the maan factors which contribute to upside and downside reserves . The greatest downside is associated witti gas override and the upside is most likely to occur due to higher STOMP in the AGI target area This information provider the opportunity to ensure that the P10 and P90 profiles properly represent those factors which are responsible for the upside or downside . In particular, attention should be gaven to deterministic cases which are close to the upside and downside rather than simply prorating the most likely deterministic cases. The downside production profile should reflect gas override, ie early gas breakthrough and gas injection stopping Barlier than planeed after the problem is identified . Similarly the upside case should reflect higher STOIIP and Jonger breakthrough time . In these cases it is important to view WAG recovery against comparable waterIlood cases.
The probabilistic reserves description together witti appropriate production profiles provide the most complete technical information on which to assess the balante of risk and reward for AGI. The data provided by this analysis forens a basis for the decision on whether to procced witti an AGI scheme . COIlC11lSlOII S 1) An integrated reservoir study of a miscible gas injection scheme has demonstrated a significant IOR target in the Miller field.
2) The benefits Erom miscible gas injection are presented as a reserves probability function together witti appropriate production profiles .
3) Key risks associated witti miscible gas flooding in Miller are identified . The risks are quantified through parametric uncertainty analysis applied to deterministic results from appropriately scaled simulation models.
